N I C H O L A S C A M I L L O N E I I I
S ports enthusiasts know the value of instant replay: footage taken by a highframe-rate camera, played back at slower speeds, reveals details not obvious to the unaided eye. Tracking a single athlete or a specific body part in this way enables fans to more fully appreciate the action, referees to make crucial rulings, and players and coaches to make performance-enhancing adjustments. On page 263, Cocker et al. 1 report a major step towards a single-molecule version of instant replay. They have developed a method for imaging molecules that uses laser pulses to transiently manipulate the electric field at the 'focal point' of a scanning tunnelling microscope. The authors use this technique to track molecular vibrations in real time.
Molecular motions occur in the femtosecond to picosecond regime (1 fs is 10 -15 s, 1 ps is 10 -12 s), and involve displacements of the order of picometres. Developing a method that has the spatial and temporal resolution needed to track such motions is a grand challenge, particularly for those studying the chemical physics of molecules that interact with solid surfaces 2, 3 . This is because the outcome and efficiency of chemical reactions at surfaces can be linked to features such as single missing surface atoms or steps at the surface that are a single atom high. Furthermore, the chemical bonds in such reactions are broken and formed on picosecond timescales, and the electron and energy transfers that drive the chemistry can happen on femtosecond timescales.
Almost since their invention 4 , scanning tunnelling microscopes (STMs) have made it possible to image single atoms and molecules on solid surfaces [5] [6] [7] . STMs consist of an atomically sharp tip held a few tenths of a nanometre from the surface under investigation. When an electrical voltage is applied between the surface and the tip, the quantum-mechanical nature of electrons enables them to 'tunnel' through the energy barrier at the tip-surface gap that, in the absence of actual physical contact, classical mechanics would forbid them to cross. The resulting tunnelling current is exquisitely sensitive to the gap width, and can therefore be used to map the 3D topography of the surface on the picometre scale. This allows STMs to 'take a picture' of single molecules on surfaces.
But following a molecule's movements on picosecond timescales has remained an elusive goal. STMs take milliseconds to seconds to take a molecule's picture -too long to capture ultrafast molecular motion directly. A stroboscopic approach is thus desirable, in which an ultrashort pulse of light initiates (pumps) a molecular event at a well-defined point in time, and then, after a well-defined delay, a second pulse (the probe) drives tunnelling by which the molecule is imaged. By measuring the tunnelling current for a fixed pump-probe delay with the STM tip parked at different positions (pixels) across the surface of the molecule, an image representing a snapshot of the molecule at a specific time after the pump can be built up pixel by pixel. Capturing many such images for a range of pump-probe delays could produce a series of frames constituting a single-molecule instant-replay 'video' .
Cocker et al. built on their earlier work 8 to develop a probe scheme that involves a specially engineered support surface, a judiciously chosen molecule and excitation with ultrashort laser pulses. The support consists of an electrically insulating film of salt atop a gold surface (Fig. 1 ). The molecule (pentacene) has a discrete energy level, occupied by two electrons, that lies at an energy well below the continuum of unoccupied levels in both the gold support and the tungsten STM tip used in the experiments. The pentacene's energy level serves as a bridge for electron transport across the molecule that can be opened or closed. When a small voltage is applied between the gold and the tip, the bridge remains 1 placed a pentacene molecule atop a salt film on a gold surface, and held the tip of a scanning tunnelling microscope at a fixed distance above the molecule. The authors excited the system with an ultrashort 'pump' laser pulse, and then induced electrons to tunnel from the gold surface to the tip using a subsequent 'probe' pulse (pulses not shown). Tunnelling occurs in two steps (red arrows): first, an electron tunnels out of the pentacene and into the tip; then another electron tunnels from the gold surface, through the salt film and into the molecule. The authors measured the tunnelling current induced by the probe pulse at different times after the pump pulse (times shown in picoseconds), and observed a sinusoidal modulation with a frequency of approximately 0.5 terahertz. They attribute this modulation to the oscillation of the molecule up and down with respect to the surface.
closed because the energy level is too low to be involved in electron transport. Under these conditions, tunnelling requires a single, longand therefore improbable -jump through the entire 'forbidden' zone (the salt, the molecule and the vacuum gap). Thus, the tunnelling current is small. But application of a voltage large enough to bring the tip's unoccupied levels into alignment with the pentacene's level opens the bridge. This enables a more probable, two-step conduction pathway: electrons can first tunnel out of the pentacene and into the tip, leaving an unoccupied 'hole' on the molecule into which an electron from the gold can tunnel through the salt.
Remarkably, the authors found that a pulse of terahertz laser radiation also opens the penta cene bridge, allowing two-step tunnelling in the absence of the electrical voltage. They propose that the pulse's electric field -which is strongly enhanced at the sharp microscope tip -acts as a transient voltage, switching on the two-step pathway for approximately 100 fs. This represents a completely new mode of single-molecule imaging that enables a snapshot to be captured at a well-defined instant in time.
The characteristics of the terahertz laser pulse are key to the experiment's success. In simplified terms, the pulse can be thought of as half a wave of electromagnetic radiation. The wave therefore biases the system in only one direction, so that current flows in just one direction. By contrast, a full wave would bias the STM system first in one direction, then in the opposite direction, so that the net current would be almost zero -no image would be taken.
Furthermore, the high reflectivity of metals at THz frequencies (typically greater than 99%) 9,10 minimizes light absorption that would result in heating and thermal expansion of the STM tip. Such expansion can easily result in spurious signals 11 because of the tunnelling current's extreme sensitivity to the gap width, and has been a major hindrance to the development of laser-excited STM methods.
Cocker et al. applied their imaging method to follow molecular motion on picosecond timescales. To do this, they took advantage of the fact that driving an electron out of the occupied level of pentacene using a pump pulse excites vibration of the molecule up and down with respect to the surface. The authors held the tip at a fixed point above the molecule, and used a probe pulse to excite two-step tunnelling at a well-defined time after the pump. Because the tunnelling current is so sensitive to the distance between the molecule and the tip, they could follow the vibrational oscillations of a single molecule in time (Fig. 1) , directly measuring not only its frequency (which has previously been measured for single molecules using another STM method 12 ), but also its amplitude and phase.
EVOLUTION

Genomic remodelling in the primate brain
In many mammals, the gene Ostn is expressed in muscles and bones. The discovery that the primate OSTN gene has been repurposed to also act in neurons provides clues to how humans evolved their cognitive abilities. See Article p.242
he cognitive abilities that separate humans and our primate relatives from other mammals are the product of millions of years of evolution, and stem from differences in how our brains develop and function 1 . Although brain maturation in all mammals relies in part on experience-driven development of neuronal circuits, human cognition depends particularly heavily on the experiential learning that occurs during our prolonged period of growth, which lasts up to two decades after birth 2 . The structural and functional changes that shape neuronal circuits during this developmental period are mediated by genes whose transcription is regulated by neuronal activity 3 . On page 242, Ataman et al. 4 describe an unbiased screen to identify genes activated by neuronal excitation in human and mouse neurons. They identify a gene expressed in the bones and muscles of mice and other mammals that, over the course of evolution, was repurposed to act in the neurons of primates.
Because of the importance of experiential learning in humans, identifying gene-expression changes induced by neuronal activity is particularly relevant for understanding the genetic basis of our species' brain evolution. With this in mind, Ataman et al. cultured human neurons in vitro. These cultures contain a mix of differentiated cell types found in the brain, including glial cells, which Several imaging methods that have high spatio-temporal resolution are being developed and show promise (for examples, see refs 3, 13-20) , but Cocker and colleagues' approach is unique in its ability to track molecular motion. Nevertheless, further work is needed to develop even more exciting capabilities. For example, a quantitative understanding of the laser-excited tunnelling should be pursued, including detailed computer simulations of the transient electric field generated at the tip by the THz pulse, and of the response of the tip, surface and molecule to that field. It also remains to be seen how this imaging approach may be extended to investigate surface physics and molecular chemistry. Can the damping rates of molecular vibrations be measured? And can molecules be observed as they react on catalytic surfaces?
Single-molecule instant replay will reveal details that will allow dedicated fans -surface physicists and chemists -to appreciate molecular action more deeply. The longerterm challenge is to develop this tool so that referees and coaches -materials scientists and engineers -can use its nanoscale dynamical insights to design, diagnose and improve mol- 
